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Abstract
The Chukchi and northern Bering Seas, which serve as the only gateway for Pacific water entering the Arctic Ocean, have 
experienced profound declines in sea ice cover as well as increases in oceanic temperature. In this region, fish responses to 
climate change are of widespread concern, but time-series data are limited because of the harsh environment. Four Chinese 
National Arctic Research Expeditions with stations spanning substantial latitudes in both the Chukchi and northern Bering 
Seas were conducted in alternating summers (July–September, every 2 years) from 2010 to 2016, indicating that demersal 
fish had large spatial and interannual fluctuations in species composition and biodiversity. A total of 58 fish species were 
identified, including several taxa that were rarely sampled previously or repeatedly encountered in the border regions. The 
significant distributional records of these taxa may correspond to the probabilities that species have extended beyond the 
documented distribution limits and the interchanges between the Pacific and Atlantic faunas are promoted under the influ-
ence of climate change. The fish biodiversity patterns were quantitatively described using seven indices such as species 
richness and taxonomic diversity indices. The spatial and temporal variations in species composition and biodiversity may 
be related to differences and interannual oscillations in water mass and tight pelagic-benthic coupling. Additionally, our 
analyses suggested that fish communities in the Chukchi Sea, where the consequences of climate change seem to be more 
serious because of the simpler food web and the proximity to the central Arctic Ocean, appeared to be less affected by the 
currently changing environment than those in the northern Bering Sea. Time-series surveys would establish a foundation 
for distinguishing between acclimation to climate change and natural fluctuations.
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Introduction

The Arctic ecosystem is an indicator of global climate 
change (Carmack and Wassmann 2006; Post et al. 2013). 
A battery of physical, chemical, and biological variations 
caused by profound sea-ice retreat and rising ocean tempera-
tures in recent decades known as the Arctic Rapid Change 
(Post et al. 2013; Smith et al. 2017; Chen et al. 2018) is 
thought to strongly influence all constituent components 
of the Arctic marine ecosystem (Pörtner and Farrell 2008; 
Post et al. 2013; Grebmeier et al. 2015; Mueter et al. 2017). 
Among these, the impacts on fishes have been widely 
reported, including changes in species distributions (Perry 
et al. 2005; Christiansen et al. 2016; Spies et al. 2019), com-
munities (Fossheim et al. 2015; Frainer et al. 2017; Iken 
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et al. 2019), biomass (Stevenson and Lauth 2012, 2019), and 
biogeography (Mueter and Litzow 2008; Mueter et al. 2009).

The Chukchi (CHS) and northern Bering Seas (NBS) con-
nect the Arctic and Pacific Oceans through the Bering Strait, 
comprising a biogeographically large marine ecosystem that 
is defined as the Pacific Arctic Region (PAR) (Mecklenburg 
et al. 2016; Fish Stock Experts of the Central Arctic Ocean 
2018). The PAR would be a preferred area for exploring the 
ichthyofaunal responses to the Arctic Rapid Change because 
it has experienced some of the largest increases in surface 
air and sea surface temperatures (Richter et al. 2019) as well 
as the declines in the extent and duration of sea ice cover 
on earth (Post et al. 2013; Stabeno et al. 2019). Evaluating 
the fish responses depends on how well we understand the 
current situation and whether we can distinguish acclimation 
from natural fluctuations that could only be achieved through 
long-term comprehensive investigations (Iken et al. 2019; 
Stevenson and Lauth 2019).

Ichthyofaunal knowledge obtained from field surveys 
in the PAR is limited because of the hostile environment, 
and the investigations are usually restricted to the summer 
when seasonal sea ice has melted (Norcross et al. 2013; 
Mecklenburg and Steinke 2015). After entering the twenty-
first century, when the reduced duration and spatial extent 
of sea ice objectively lowered the logistical requirements, 
numerous modern and comprehensive investigations were 
conducted, including the Russian-American Long-Term 
Census of the Arctic (RUSALCA) in 2004, 2009, and 2012 
(Mecklenburg et al. 2011, 2014; Mecklenburg and Steinke 
2015, 2016), Studies of Pacific Scientific Research Fisheries 
Centre (TINRO Centre) in 2008, 2010, and 2012 (Gavrilov 
and Glebov 2013), the Chukchi Sea Environmental Stud-
ies Programme (CSESP) in 2009 and 2010 (Norcross et al. 
2013), the Arctic Ecosystem Integrated Surveys (Arctic EIS) 
in 2007 and 2012 (Logerwell et al. 2015; Mueter et al. 2017), 
and the Arctic Marine Biodiversity Observing Network 
(AMBON) in 2015 (Iken et al. 2019). Baselines for species 
compositions and distributions, biodiversity, and interactions 
with environmental factors are established but still insuf-
ficient, and time-series surveys covering the both seas are 
scarce. Climate change would bring a series of uncertain 
consequences to the marine ecosystem; hence, the investi-
gation should be as comprehensive as possible to address 
this condition.

Four surveys of demersal fish in the Chinese National 
Arctic Research Expedition (CHINARE) were conducted 
from 2010 to 2016 in the PAR, and the species composi-
tions, distributions, and biodiversity patterns were analyzed. 
Species composition is the basis for understanding the char-
acteristics of a fish community. First, a shift in distribution is 
one of the most intuitive and observable responses, but mak-
ing this determination requires that we have a good knowl-
edge of species composition across the region. CHINARE 

was expected to find additional distributions because it was 
one of the most extensive surveys. Thus, records of spe-
cies that had seldom been encountered previously or were 
sampled beyond previously known distribution limits were 
synthesized. Second, seven of the most commonly used indi-
ces were selected to quantify the biodiversity patterns that 
reflected the productivity, stability, function, and structure 
of the community (Liu and Ma 2002; Palumbi et al. 2009; 
Duffy et al. 2013; Wang et al. 2018). Responses of the fish 
assemblage to changing environment could not always be 
directly observed. Those empirical indices that are widely 
used in monitoring and evaluating the impacts of accidents 
and government policies on marine ecosystems (Warwick 
and Clarke 1998; Leonard et al. 2006; Wang et al. 2018) 
could provide specific values, allowing for quantitative 
description and comparison, and have rarely been applied 
in the PAR. An opportunity to research the spatial and inter-
annual differences in species composition and biodiversity 
between the sides of the Bering Strait in the ablation season 
was provided by the almost simultaneous surveys in both 
the CHS and NBS.

Materials and methods

Survey area

Four surveys were undertaken in the PAR aboard the ice-
breaker Xue Long (in English, this means “Snow Dragon”) 
in the summers (July–September) of 2010, 2012, 2014, and 
2016 (Fig. 1). A total of 114 stations were successfully mon-
itored (11 stations in the CHS and 12 stations in the NBS 
with damaged nets were excluded), of which 102 stations 
were located on the wide and shallow continental shelves 
(depth < 200 m): 52 stations in the CHS shelf were mainly 
along the 170°W axis from 65.67°N to 74.61°N; 50 sta-
tions in the northern NBS shelf were concentrated around 
St. Lawrence Island (ranging from 60.65°N and 178.45°W 
to 64.62°N and 167.12°W). The remaining 12 stations were 
on the continental slopes (depth ranging from 226 m to 
1161 m).

Specimen collection

Fishes were sampled with bottom trawls because of their 
predominant association with the sea floor in the Arctic 
(Mecklenburg et al. 2016). Three types of gear were oper-
ated in 2010: (1) a 6.5-m triangular net (a triangular struc-
ture made of steel with a 2.2-m-wide, 0.65-m-tall opening 
and a 20-mm-mesh codend liner), (2) a 9.0-m French-type 
net (with a 2.5-m-wide, 0.5-m-tall opening and a 10-mm-
mesh codend liner), and (3) a 3.0-m otter net (with a 
1.6-m-wide, 0.5-m-tall opening and a 20-mm-mesh codend 
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liner) (Lin et al. 2012, 2014). In 2012–2016, only a triangu-
lar net (the same specifications as above) was used because 
of its manoeuvrability and durability. Towing speeds were 
approximately 2.5–3.5 knots, and the distances for each trawl 
ranged from 0.7 km to 4.4 km. Salinity and temperature 
were measured by a Seabird CTD Model SBE 911 (Bellevue 
Sea-Bird Scientific). All specimens were frozen immediately 
and brought to the laboratory for identification. Species that 
could only be classified to the genus level were used as the 
lowest taxon for calculating the biodiversity indices.

Data analysis

The area swept calculated by trawl distance and the net 
opening width was used to determine catch per unit effort 
(CPUE) as the number of individuals per square kilometer 
(ind. km−2). Zero catches were included in the estimation of 
mean CPUE for all fish taxa.

The following seven biodiversity indices were used to 
characterize the biodiversity patterns: Margalef species rich-
ness index, Shannon species diversity index, Pielou evenness 
index (Pielou 1975; Ludwig et al. 1988), taxonomic diver-
sity index, taxonomic distinctness index, average taxonomic 
distinctness index, and variation in taxonomic distinctness 
index (Warwick and Clarke 1995; Clarke and Warwick 1998, 
2001) (Table 1). A species accumulation curve (SAC) was 
used to assess the properties of diversity for community data 
and also to illustrate the adequacy of sampling in the survey 
region. The sampling intensity was deemed sufficient if the 

SAC smoothed out as the amount of effort increased (Gotelli 
and Colwell 2001).

Variation in the numbers of species and individuals and 
biodiversity among years, seas, and gears was examined by 
statistical tests based on comparisons of means and using 
the following criteria: whether the data conformed to a nor-
mal distribution was checked by Shapiro-Wilk test (accepted 

Fig. 1   Map of 31 bottom trawls 
in 2010, 27 trawls in 2012, 28 
trawls in 2014, and 28 trawls 
in 2016 in the Chukchi and 
northern Bering Seas. Overall, 
89.47% of those trawls were 
located on the continental 
shelves (depth < 200 m), and 
nine trawls were located on the 
Chukchi Plateau in 2010, 2014, 
and 2016, and three trawls were 
located on the Bering Sea conti-
nental slope in 2012 and 2014

Table 1   Formulae of biodiversity indices

The above formulae were used to calculate the diversity indices of 
each station, where S is the number of species and N is the number 
of individuals. The index = 0 when S = 1; Ti refers to the probability 
of the ith species abundance to the total; xi and xj denote the abun-
dances of ith species and jth species; ωij is the path length linking 
species i and j under the hierarchical classification of Nelson (2006) 
weighted by constant step length in our study: ωij = 20 (between spe-
cies), ωij = 40 (between genera), ωij = 60 (between families); ωij = 80 
(between orders); ωij = 100 (between classes) (Clarke and Warwick 
1999). ∆+ and ˄+ also indicate the diversity of sampled species, where 
ωij is the constant step length as above, and S is the total number of 
sampled species

Index Formula

Margalef species richness index (D) (S-1)/lnN
Shannon species diversity (H) −Σiln Ti

Pielou evenness index (J) H/lnS
Taxonomic diversity index (∆) (∑∑i<jωij xi xj)/(N(N-1)/2)
Taxonomic distinctness index (∆*) (∑∑i<jωijxixj)/(∑∑i<jxixj)
Average taxonomic distinctness index 

(∆+)
(∑∑i<jωij)/(S(S-1)/2)

Variation in taxonomic distinctness 
index (˄+)

(∑∑i<j(ωij-∆+)2/(S(S-1)/2)
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if p > 0.05, Royston 1982); homogeneity of variance was 
checked using Bartlett test (accepted if p > 0.05, Bartlett 
1937); comparison between two groups was made using 
independent two-tailed unpaired t-tests if they conformed 
to the normal distribution and the Wilcoxon rank sum test 
(WRS test, David 1972) if they did not; comparison of more 
than two groups was made by one-way analysis of variance 
(ANOVA) (Chambers et al. 1992) followed by further pair-
wise comparisons via Tukey HSD test (Yandell 1997) if they 
conformed to normal distribution with homogeneous vari-
ance and the Kruskal-Wallis test (Hollander and Douglas 
1973) followed by further pairwise comparison test via WRS 
test if they did not (Fig. 2). The four taxonomic indices are 
less influenced by sampling effort, but the indices of D, H, 
and J are to some extent sample-dependent (Warwick and 
Clarke 1995, 1998). Consequently, the analyses for towing 
distance and numbers of species and individuals between 
seas and years also used the above processes. Two disclaim-
ers are required. First, the comparison between the CHS and 
NBS only used stations on the continental shelves. Those 
stations > 200 m in depth in the CHS Plateau had reached 
the intersection area of the Pacific, Atlantic, and Arctic water 
masses (Grebmeier et al. 2006, 2015). Second, the numbers 
of species and individuals sampled with the three types of 
gear employed in 2010 were tested to identify the impact of 
sampling methods, but the number of stations was too small 
to make separate calculations between the seas. Biodiversity 
data, difference tests, and figures used Ocean Data View 
(Schlitzer 2019) and the R project (R Core Team, 2020) with 
the package “vegan” (Oksanen et al. 2019) and “ggplot2” 
(Wickham 2016).

Results

Species composition and significant distributional 
records

A total of 2575 individuals in the PAR were identified to 
58 species, and another 22 individuals were identified to 
genus level. The fish assemblage was mostly composed of 
the families sculpins (Cottidae), snailfishes (Liparidae), 
eelpouts (Zoarcidae), pricklebacks (Stichaeidae), and 
righteye flounders (Pleuronectidae) (Fig. 3) (species list 
in Online Resource 1). In the CHS, 38 species (65.52% of 
58 species) sampled in 61 trawls were affiliated to 26 gen-
era, 11 families, and 6 orders, with the largest number of 
species being recorded in 2010 (24 species). In the NBS, 
48 species (82.76% of 58 species) sampled in 53 trawls 
were affiliated to 31 genera, 13 families, and 7 orders, with 
the largest numbers of species being recorded in 2010 (29 
species).

Range extension was defined as species extending their 
distribution beyond formerly known (latitudinal) limits 
(Mecklenburg and Steinke 2015; Thorsteinson and Love 
2016). According to this definition, the significant distri-
butional records were classified into two groups: (1) spe-
cies that were well known to be widespread in the PAR 
and/or the North Pacific, and CHINARE had the north-
ernmost records or near to previously announced northern-
most limits; (2) species were well known to be widespread 
in the Atlantic Arctic and/or Circumpolar regions but had 
rarely been sampled in the PAR (Tables 2 and 3).

Fig. 2   Flow chart of differ-
ence tests. Multiple methods 
were used to ensure that the 
significant differences were 
appropriately tested for different 
datasets
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Taxa on the continental shelves

Totals of 1136 (37 taxa) and 1239 (51 taxa) individuals were 
collected at 52 and 50 stations on the CHS and NBS conti-
nental shelves, respectively. The analyses of SACs suggested 
that the trend lines of PAR, CHS, and NBS gradually flat-
tened out (Fig. 4), implying that the sampling intensity was 
sufficient. In 2010, there were few differences in the species 
composition of the three gear types: 14 species collected by 
5 French nets were also recorded in another 2 nets, only 2 
species were unique among the 20 species collected by 11 
otter nets, and 10 species were unique among the 29 spe-
cies collected by 13 triangular nets. The numbers of spe-
cies (ANOVA, F2, 26 = 0.19, p = 0.8270) and individuals 
(Kruskal–Wallis test, H2 = 1.71, p = 0.4245) were not signifi-
cantly different among the three gear types available as well.

The similarities of the same taxa among surveys and 
seas were relatively low. The percentages of shared taxa in 
CHS and NBS to the total of each year were 39.39% (13 

of 33 taxa), 33.33% (9 of 27 taxa), 29.73% (11 of 37 taxa), 
and 34.48% (10 of 29 taxa) in 2010, 2012, 2014, and 2016, 
respectively. The percentages of shared taxa in adjacent sur-
veys (2010 and 2012, 2012 and 2014, 2014 and 2016) to 
the total were 30.43%, 33.33%, and 34.48% in the CHS and 
30.00%, 33.33%, and 26.32% in the NBS, respectively. There 
were five species, Arctic alligatorfish (Aspidophoroides 
olrikii), polar cod (Boreogadus saida), Arctic staghorn scul-
pin (Gymnocanthus tricuspis), Bering flounder (Hippoglos-
soides robustus), and gelatinous seasnail (Liparis fabricii), 
that were encountered in all cruises of the CHS and seven 
species, Pacific sand lance (Ammodytes hexapterus), Arc-
tic alligatorfish, Arctic staghorn sculpin, Bering flounder, 
spatulate sculpin (Icelus spatula), gelatinous seasnail, and 
Alaska plaice (Pleuronectes quadrituberculatus), that were 
collected every year in the NBS.

The most abundant taxa varied among surveys (Fig. 5). 
In the CHS, these were shorthorn sculpin (Myoxocephalus 
scorpius) in 2010 (3589.09 ± 10,166.35 ind. km−2 [SD, 

Fig. 3   Family composition of 
fish sampled from 2010 to 2016 
in the Chukchi Sea (CHS) and 
northern Bering Sea (NBS), 
showing clear interannual 
fluctuations in the numbers of 
Zoarcidae species in both seas 
as well as Liparidae and Pleu-
ronectidae species in the NBS

Table 2   Species sampled by the Chinese National Arctic Research Expedition (CHINARE) with the northernmost records or close to the known 
northernmost limits

Species Times and locations Introduction

Bathyraja smirnovi 2012: 60.71°N, 178.83°W; 
2016: 60.65°N, 
178.45°W

Near the northernmost records (61.7°N, 174.4°W (GBIF 2021). The known distributions 
are mainly in the Sea of Japan and Okhotsk Sea (Mecklenburg et al. 2016, 2018)

Liparis ochotensis 2010: 62.66°N, 167.34°W;
2014: 67.70°N, 169.00°W;
2016: 64.30°N, 167.12°W;
64.33°N, 167.79°W

The record in 2014 may be the northernmost. Mecklenburg et al. (2016) thought that it 
was mainly distributed in the northwest Pacific, such as the Sea of Japan and Okhotsk 
Sea, but it had been encountered in both the Bering (Stevenson and Hoff 2009; Orr 
et al. 2014; Datsky 2015a, b) and Chukchi Seas (Orlov et al. 2020)

Careproctus marginatus 2014: 62.15°N, 173.93°W May be the northernmost record in the NBS. Known distribution is around Japan
Anisarchus medius 2010: 73.99°N, 168.99°W It was collected at almost every latitude by CHINARE, with the northernmost record 

being in 2010. Records extended to 81°N in the Atlantic Arctic (Lin et al. 2012, 2014; 
Mecklenburg et al. 2016, 2018)

Lepidopsetta bilineata 2012: 61.41°N, 169.44°W May be the northernmost record. The known distributions extend to southern of St. Law-
rence Island and the Pacific coast of North America (GBIF 2021)

Lepidopsetta polyxystra 2012: 67.67°N, 168.92°W May be the northernmost record. Limits of known distributions are in the southern area 
of the Bering Strait, where it was collected in 2010 and 2014 by CHINARE (Mecklen-
burg and Steinke 2015; Orlov et al. 2020; GBIF 2021)
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n = 11]), Arctic staghorn sculpin in 2012 (1803.95 ± 4080.47 
ind. km−2 [SD, n = 13]) and 2016 (1454.67 ± 2091.85 
ind. km−2 [SD, n = 14]), and Bering flounder in 2014 
(2161.77 ± 3011.11 ind. km−2 [SD, n = 14]). In the NBS, 
these were Bering flounder in 2010 (2298.21 ± 3724.60 

ind. km−2 [SD, n = 18]), Arctic staghorn sculpin in 2012 
(366.25 ± 1198.11 ind. km−2 [SD, n = 12]) and 2016 
(1541.24 ± 3045.96 ind. km−2 [SD, n = 9]), and gelati-
nous seasnail in 2014 (2003.80 ± 5191.46 ind. km−2 [SD, 
n = 11]). Summarily, the Bering flounder, Arctic staghorn 

Table 3   Species sampled by the Chinese National Arctic Research Expedition (CHINARE) that had been rarely encountered in the Pacific Arc-
tic Region

Species Locations and times Introduction

Artediellus atlanticus 2010: 74.99°N, 172.03°W; 74.49°N, 169.00°W The known distributions are mainly in northwestern and 
northeastern Greenland and the Barents and Kara Seas. 
Several records were from the CHS (Lin et al. 2012, 
2014; Mecklenburg et al. 2016, 2018; Orlov et al. 2020; 
GBIF 2021)

Cottunculus microps 2010: 75.33°N, 172.00°W; 75.00°N, 172.03°W; 2016: 
68.82°N, 168.87°W

The known distributions are in the Greenland, Norwegian, 
Barents, and Kara Seas, and the Baffin Bay. Several 
records were from the Laptev Sea, Chukchi and Beaufort 
Seas (GBIF 2021; Mecklenburg et al. 2016, 2018)

Lycodes squamiventer 2014: 62.56°N, 175.22°W May be a new record. Møller (2001) thought that it 
originated from the Norwegian Sea; several records were 
from the Beaufort, Barents, and Greenland Seas (Meck-
lenburg et al. 2016, 2018; GBIF 2021)

Lycodes sagittarius 2010: 75.33°N, 172.00°W; 74.99°N, 172.03°W; 2016: 
75.97°N, 179.82°E

May be new records. The known distributions are in the 
Beaufort Sea, Kara, Barents, and Laptev Seas (Mecklen-
burg et al. 2016, 2018; GBIF 2021)

Careproctus reinhardti 2010: 74.99°N, 172.03°W; 73.99°N, 168.99°W; 60.92°N, 
177.69°W; 2014: 62.15°N, 173.93°W

Several records had been documented (Lin et al. 2012, 
2014; Orlov et al. 2020). It is known to be widely dis-
tributed in the North Atlantic (Mecklenburg et al. 2016, 
2018)

Fig. 4   Species accumulation 
curves (SACs) with 95% confi-
dence intervals for continental 
shelves of the Pacific Arctic 
Region (PAR, gray shade, a 
total of 59 taxa in 102 trawls), 
Chukchi Sea (CHS, green 
shade, a total of 37 taxa in 52 
trawls), and northern Bering 
Sea (NBS, red shade, a total of 
51 taxa in 50 trawls)
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sculpin, and gelatinous seasnail were the most abundant 
species in the NBS, and the Arctic staghorn sculpin, polar 
cod, and Bering flounder are the ones in the CHS during the 
investigations.

Interannual characteristics of biodiversity 
on the continental shelves

In the NBS, the numbers of species (ANOVA, F3, 46 = 4.65, 
p = 0.0064) and individuals (Kruskal-Wallis test, H3 = 12.09, 
p = 0.0071) and H (Kruskal-Wallis test, H3 = 9.03, 
p = 0.0289) had significant differences among years. In 
contrast, there was no significant difference among sur-
veys in the CHS (p > 0.05, H by ANOVA; the remaining 
indices by Kruskal-Wallis tests). The towing distances 
were largely dependent on sea ice conditions, with signifi-
cant differences among surveys in both the CHS (Kruskal-
Wallis test, H3 = 13.67, p = 0.0034) and the NBS (Kruskal-
Wallis test, H3 = 9.31, p = 0.0255), and according to further 
pairwise comparisons they were 2010 and 2014 (WRS 

test, W = 121.0, p = 0.0168), 2012 and 2014 (WRS test, 
W = 146.0, p = 0.0080) in the CHS, and 2010 and 2016 
(WRS test, W = 136.0, p = 0.0050), 2012 and 2016 (WRS 
test, W = 100.0, p = 0.0012) in the NBS. In summary, the 
indices between years with significantly different towing dis-
tance had no significant difference, implying that the impact 
of towing distance on biodiversity indices may be negligible 
because of the randomness in our surveys.

The biodiversity indices fluctuated interannually on both 
CHS and NBS shelves, and their mean values had a consist-
ent trend of “high-low-high-low.” That is, they were higher 
in 2010 and 2014 than in 2012 and 2016 (Tables 4 and 5). It 
appears that 2010 and 2014 were instances of a high biodi-
versity pattern and 2012 and 2016 were instances of a low 
biodiversity pattern; thus, we compared the fish assemblages 
between the two biodiversity patterns. The towing distances 
between the patterns no longer had a significant difference 
in either the CHS (WRS test, W = 254.0, p = 0.1274) or the 
NBS (WRS test, W = 330.5, p = 0.6161). However, indi-
ces with significant difference clearly increased, including 

Fig. 5   Schematic diagram of 
interannual variation in spe-
cies ranking by abundance on 
the continental shelves of the 
Chukchi Sea (CHS) and north-
ern Bering Sea (NBS). The 
steeper the line between years 
or the more lines that intersect, 
the larger the variation in spe-
cies ranking

Table 4   Numbers of station, 
taxon, and individual and mean 
values of all seven selected 
biodiversity indices in each year 
on the Chukchi Sea continental 
shelf

Year Station Taxon Individual D H J ∆ ∆* ∆+ ˄+

2010 11 17 351 1.26 1.03 0.75 57.69 92.15 93.24 187.35
2012 13 13 218 0.94 0.76 0.57 45.03 63.13 62.23 82.88
2014 14 19 374 1.28 1.08 0.79 62.11 96.47 94.41 152.56
2016 14 20 193 0.84 0.77 0.62 45.42 65.36 65.19 116.32
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numbers of species (WRS test, W = 464.5, p = 0.0192) and 
individuals (WRS test, W = 459.0, p = 0.0264), D (WRS 
test, W = 456.0, p = 0.0302), ∆* (WRS test, W = 481.5, 
p = 0.0077), and ∆+ (WRS test, W = 474.5, p = 0.0112) 
in the CHS and the numbers of species (t-test, t48 = 3.50, 
p = 0.0010) and individuals (WRS test, W = 479.0, 
p = 0.0006), D (WRS test, W = 420.5, p = 0.0229), H (WRS 
test, W = 440.0, p = 0.0078), and ∆* (WRS test, W = 411.0, 
p = 0.0368) in the NBS (Fig. 6) (additional results of differ-
ence tests are given in Online Resource 2).

Spatial characteristics of biodiversity 
on the continental shelf

Several indices reflected the dissimilarities in biodiversity 
between the CHS and NBS shelves, especially in 2010 and 
2014. D, H, ∆*, and ∆+ (p < 0.05, WRS test) in 2010 and 

∆* and ∆+ (p < 0.05, WRS test) in 2014 were significantly 
different, while towing distance (p > 0.05; 2010, 2012, and 
2014 by WRS test, 2016 by t-test), numbers of species 
(p > 0.05; 2010, 2012, and 2016 by t-test, 2014 by WRS 
test) and individuals (p > 0.05, WRS test) were not among 
all cruises between the CHS and NBS. In other words, only 
in years of high biodiversity pattern could significant differ-
ences be detected in the biodiversity indices. Considering all 
trawls sampled from 2010 to 2016, the number of species 
and six of seven biodiversity indices (J was the only excep-
tion) were significantly different between the CHS and NBS 
shelves (p < 0.05, WRS test; Fig. 7).

The difference between the neighboring seas was also 
reflected by ∆+ that represented an average taxonomic path 
length. For 37 taxa in the CHS, the value was 86.87, and for 
51 taxa in the NBS, the value was 73.37. The value of ∆+ at 
each station in each year tended to be lower than expected 

Table 5   Numbers of station, 
taxon, and individual and mean 
values of all seven selected 
biodiversity indices in each 
year on the northern Bering Sea 
continental shelf

Year Station Taxon Individual D H J ∆ ∆* ∆+ ˄+

2010 18 29 688 1.68 1.37 0.71 48.31 64.72 64.81 227.13
2012 12 23 118 1.15 0.85 0.64 38.75 52.31 53.23 152.84
2014 11 29 358 1.49 1.13 0.71 44.82 62.58 61.58 229.16
2016 9 19 75 1.20 0.90 0.66 35.54 48.57 51.76 165.21

Fig. 6   Dot plots of indices D, H, and ∆* on the northern Bering Sea 
continental shelf (NBS) and D, ∆+, ∆*, and ˄+ on the Chukchi Sea 
continental shelf (CHS) that had significant differences (p < 0.05) 

when compared between the high (2010 and 2014) and low biodiver-
sity patterns (2012 and 2016)
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Fig. 7   Dot plots of indices D, H, ∆, ∆*, ∆+, and ˄+ that had significant differences (p < 0.05) between the continental shelves of the Chukchi Sea 
(CHS) and northern Bering Sea (NBS) by all stations sampled from 2010 to 2016

Fig. 8   Plots of ∆+ against the number of species (stations of “∆+ = 0” 
are not shown) on the Chukchi Sea continental shelf (CHS, blue) and 
northern Bering Sea continental shelf (NBS, red). Straight lines are 

the expected values in the CHS (86.87) and NBS (73.37), and the 
curves are the 95% confidence funnels based on 51 taxa recorded in 
the NBS and 37 taxa in the CHS
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in the years after 2010 in the NBS (Fig. 8). The biodiversity 
index J showed no significant differences in all years exam-
ined and was the most insensitive index. In addition, species 
composition was also different between the seas. Similar-
ity of same species (ratio of the shared species to the total) 
under the same biodiversity pattern (2010 and 2014: 45.00%, 
2012 and 2016: 56.00%) was larger than under different bio-
diversity patterns (27.03%–34.29%) in the NBS, but it was 
not in the CHS (2010 and 2014: 31.25%, 2012 and 2016: 
33.33%, others: 23.33–46.88%).

Characteristics of bottom temperature and salinity

Bottom temperature and salinity were collected from a total 
of 210 stations during our investigations (60.70°N–75.43°N; 
159.71°W–178.49°W), including 71 stations in 2010, 51 in 
2012, 47 in 2014, and 41 in 2016. There are four major cur-
rents in the survey region: the warm (2–13 °C) and fresh 
(salinity < 31.8) Alaskan Coastal Current following the 
Alaskan coast northward to the Barrow Canyon; the cold 

(< 0 °C) and marine saline (32.8–33.2) Anadyr Water and 
warm (> 0 °C) and moderately saline (~ 32.5) Bering Water, 
emanating into two branches in the CHS from the central 
and western Bering Sea with higher levels of nutrients, and 
the warm (> 0 °C), highly saline (> 34), and deep (> 200 m) 
Atlantic Water (Grebmeier et al. 2006, 2015; Smith et al. 
2017; Thorsteinson and Love 2016). Our data suggested that 
bottom temperature and salinity typically varied between 
seas and years, and water flowing through the Bering Strait 
had a higher bottom temperature in 2010, 2014, and 2016 
and lower salinity in 2014 and 2016 (Fig. 9).

Discussion

Our results are consistent with previous studies confirming 
that fishes sampled in the PAR are dominated by sculpins, 
snailfishes, eelpouts, pricklebacks, and righteye flounders 
(Gavrilov and Glebov 2013; Mecklenburg and Steinke 
2015). Most notably, there are major similarities in the 

Fig. 9   Diagrams of bottom temperature (a) and salinity (b) in the survey region. Data were measured from 89 stations in 2010, 58 stations in 
2012, 63 stations in 2014, and 53 stations in 2016
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composition of the fish community across studies despite 
using different type of sampling gear. The shared species 
in the CHINARE (58 species) and surveys of RUSALCA 
(54 species) mainly in Russian waters in 2004, 2009, and 
2012 (Mecklenburg and Steinke 2015), Shelf Habitat and 
Ecology of Fish and Zooplankton project (30 species) in the 
northeastern Chukchi Sea in 2013 (Logerwell et al. 2018), 
CSESP (29 species) in three closely spaced areas in the 
northeastern Chukchi Sea during 2009–2010 (Norcross et al. 
2013), and the VNIRO Transarctic expedition (42 species) 
in western Chukchi Sea in 2019 (Orlov et al. 2020) reached 
75.93%, 83.33%, 86.21%, and 71.43% of their total species, 
respectively. Both these high similarities and the results of 
SAC implied the effectiveness of the sampling and that the 
absence of a species in a year may be due to its low abun-
dance in the summer.

Significant distributional records in the PAR

Establishing baselines for species composition and distribu-
tion is especially important for the PAR, as it is currently 
experiencing the most dramatic climate change. The PAR 
had attracted scientific interest in syntheses of fish invento-
ries (Chernova 2011; Maslenikov et al. 2013; Christiansen 
and Reist 2013; Datsky 2015a, b; Thorsteinson and Love 
2016; Mecklenburg et al. 2016, 2018; Orlov et al. 2020), 
and the CHINARE had the advantage of latitudinal range.

We found some species with the northernmost records or 
near the northern distribution limits. As the single gateway 
for Pacific boreal marine fauna entering the Arctic, the Ber-
ing Strait is dominated by northward flowing waters with 
essential sources of heat, freshwater, and nutrients due to a 
sea level gradient (Grebmeier et al. 2006, 2015; Mueter et al. 
2017). This provides naturally favorable conditions for the 
northward movement of fish, because ocean warming and 
sea ice retreat could create living spaces for organisms in 
the temperate and sub-Arctic ecosystems to enter the sub-
Arctic and Arctic regions (Mueter and Litzow 2008; Cheung 
et al. 2009; Hollowed et al. 2013). Moreover, it appears that 
the populations in marginal habitats must be maintained by 
migration from the core, because they are expected to be 
less abundant and to have lower survival and reproductive 
rates than those in core habitats (Kawecki 2008; Spies et al. 
2019). Hence, the multiple discovery of a species at known 
boundary areas may represent its stable colonization in the 
new habitats, indicating the potential for northward shift.

We found some Atlantic species having few records in the 
PAR. This may be a sign of increasing interchanges between 
fishes in the Atlantic and Pacific sectors. The Chukchi Pla-
teau is the intersection area of Atlantic and Pacific waters, 
and thus it could be expected that fish encountered in the 
region are also distributed in the Atlantic Arctic waters 
(Mecklenburg et al. 2014). Now, however, fish interchanges 

between Atlantic and Pacific sectors are being promoted by 
climate change (Wisz et al. 2015). A dramatic environmental 
change, causing the Arctic fish communities to be rapidly 
replaced by boreal species, was observed in the Atlantic Arc-
tic from 2004 to 2012 (Wiedmann et al. 2014; Wisz et al. 
2015; Frainer et al. 2017). The timing was coincidental with 
fish surveys of CHINARE, for it took the warming Atlantic 
waters approximately 6–8 years to enter the Chukchi bor-
derland from the Barents Sea and Fram Strait (Pickart 2010; 
Mecklenburg et al. 2014). This may help surveys in the PAR 
to find more Atlantic species. However, in 2012 when the 
Bering Strait was dominated by cold and moderately saline 
water that was most likely from the Anadyr Water, no such 
species were recorded. Therefore, the distribution of Atlantic 
species in the PAR might also be related to the intensity of 
northward Pacific waters.

Distribution shifts could be regarded as a part of constant 
movement, as it is widely thought that globally distributed 
fishes sharing common centers of origin and dispersal is a 
dynamic process (Briggs 2003). Old groups of Arctic fish 
were eliminated during the rapid cooling of the Middle 
Miocene, and new groups of sculpins, snailfishes, eelpouts, 
pricklebacks, and righteye flounders that represent a large 
fraction of fish in our study, together with the poachers 
(Agonidae) and Salmonidae, originated from the Northern 
Pacific (Briggs 2003; Mecklenburg et al. 2011; Christiansen 
and Reist 2013). Accommodation is essential for speciation 
and changes in biogeography (Briggs 2010). Fish distri-
butions are influenced by many factors, and different fish 
species as well as different sex and age groups often have 
different environmental preferences (Mueter et al. 2017; 
Stevenson and Lauth 2019). Nowadays, northward Pacific 
waters and sea-ice melting are strongly influenced by cli-
mate change (Logerwell et al. 2018). Consequently, these 
significant distributional records may represent shifts in the 
direction and rate of the constant movement of fish assem-
blages affected by climate change. This may have multitude 
impacts on global fish distribution patterns because of the 
more rapid speciation rate for marine fish in polar regions 
than expected (Rabosky et al., 2018).

Spatiotemporal variations in the fish assemblage 
on both continental shelves

The species composition and biodiversity pattern varied 
between the seas and years. The spatial difference was 
reflected by several lines of evidence: first, the same species 
in both seas had low proportions (around 30%) of the total 
of each year; second, in the NBS there were more species 
recorded, longer step length between hierarchical levels on 
average with higher volatility, and a concentrating trend of 
∆+ being less than the expected value; third, in the CHS, 
unlike in the NBS, no index had a significant difference 
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among years, possibly implying a more stable community 
structure and fewer disturbed factors at present (Warwick 
and Clarke 1995; Leonard et al. 2006). In addition to the 
explanation that the differences between the CHS and NBS 
are affected by differently hydrographic and biological char-
acteristics of water masses (Grebmeier et al. 2006; Wood-
gate et al. 2015), the narrow (~ 85 km) and shallow (~ 50 m) 
Bering Strait is also a key factor for substantial numbers of 
fishes being unable to cross this geographical barrier (Meck-
lenburg et al. 2018). However, the top abundant species in 
both seas included Arctic staghorn sculpin, polar cod, short-
horn sculpin, Bering flounder, gelatinous seasnail, and slen-
der eelblenny (Lumpenus fabricii), but not the most abun-
dant walleye pollock (Theragra chalcogrammus) in Russian 
water (Orlov et al. 2020), showing a major similarity, and 
this situation had been maintained for many years (Cui et al. 
2009; Norcross et al. 2013; Mecklenburg and Steinke 2015). 
Thus, it was more likely that the taxa with lesser abundance 
had greater spatial and interannual variation.

Geographically, the CHS is closer to the central Arctic 
Ocean, where the ecosystem is more vulnerable because of 
the simpler trophic interaction structure (Mueter et al. 2009); 
fortunately, it was less affected than NBS according to our 
analyses.

The consistent trend in the mean values of all indices 
across years as well as the increase in the number of indices 
with statistically significant difference between high and low 
biodiversity patterns in both the CHS and NBS indicated 
obvious interannual variation. Nevertheless, we were not 
sure that this variation was part of a long-term trend or rather 
was a short-term phenomenon caused by interannual fluc-
tuations in the climate regime and water properties, which 
were well known for the glacial oscillations, and the extent 
and prominence of Pacific waters advected through the Ber-
ing Strait (Mueter and Litzow 2008; Stabeno et al. 2012; 
Stevenson and Lauth 2012, 2019; Pisareva et al. 2015). 
According to our results, there was no obvious correspond-
ence between biodiversity patterns and bottom temperature 
or salinity as we expected; for example, the biodiversity was 
higher at higher temperatures. Alternatively, there may be 
indirect relationships: under the tight pelagic-benthic cou-
pled ecosystem in the PAR, any changes in the components 
of the ecosystem that are susceptible and vulnerable to envi-
ronmental change, such as the size class of phytoplankton 
(Danielson et al. 2016), the biomass and abundance of zoo-
plankton (Ershova et al. 2015; Sigler et al. 2017), and the 
recruitment of fish population (Mueter et al. 2009; Hollowed 
et al 2012), could be quickly transmitted to the benthic food 
web (Mueter et al. 2017). It has been hypothesized that eco-
systems in the PAR are shifting from tight pelagic-benthic 
coupling to systems with more pelagic fishes (Grebmeier 
et al. 2006; Post et al. 2013; Mueter et al. 2017), which may 
disrupt the tight pelagic-benthic coupling and then buffer the 

direct impacts on demersal fish. If so, the biodiversity would 
experience a decrease in interannual fluctuations.

The fish biodiversity patterns in the PAR during the sur-
vey period are described through seven indices, suggesting a 
low level of biodiversity in the PAR. This has been explained 
by several hypotheses, such as the decreasing number of 
species with increasing latitude (Mittelbach et al. 2007), the 
incident solar energy and temperature, and the overall insta-
bility of the climate (Currie et al. 2004; Stevenson and Lauth 
2012). Therefore, the ecosystem of the PAR may be vulner-
able to external influences. Understanding biodiversity pat-
terns is essential to developing conservation strategies and 
monitoring conservation goals (Gaston 2000), and a proper 
level of biodiversity can promote productivity and secure 
multiple functions of the ecosystem (Palumbi et al. 2009; 
Duffy et al. 2013; Iken et al. 2019). However, species com-
position and distribution are the basis of diversity, and if the 
several significant distributional records we have observed 
do represent shifts in species distribution under the influ-
ence of climate change, then future changes in diversity are 
not yet known. Unfortunately, our study was limited by an 
inadequate number of stations, a factor that did not allow us 
to make parametric tests or to distinguish between seas when 
assessing the different nets. Fish surveys by CHINARE are 
continuing, and we should have the chance to increase our 
research effort in the PAR.
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